Enteroviral infections of the heart are among the most commonly identified causes of acute myocarditis in children and adults and have been implicated in dilated cardiomyopathy. Although there is considerable information regarding the cellular immune response in myocarditis, little is known about innate signaling mechanisms within the infected cardiac myocyte that contribute to the host defense against viral infection. Here we show the essential role of Janus kinase (JAK) signaling in cardiac myocyte antiviral defense and a negative role of an intrinsic JAK inhibitor, the suppressor of cytokine signaling (SOCS), in the early disease process. Cardiac myocyte-specific transgenic expression of SOCS1 inhibited enterovirus-induced signaling of JAK and the signal transducers and activators of transcription (STAT), with accompanying increases in viral replication, cardiomyopathy, and mortality in coxsackievirus-infected mice. Furthermore, the inhibition of SOCS in the cardiac myocyte through adeno-associated virus-mediated (AAV-mediated) expression of a dominant-negative SOCS1 increased the myocyte resistance to the acute cardiac injury caused by enteroviral infection. These results indicate that strategies directed at inhibition of SOCS in the heart and perhaps other organs can augment the host-cell antiviral system, thus preventing viral-mediated end-organ damage during the early stages of infection.
Introduction
Enteroviral infection is a common cause of acute myocarditis that can lead to heart failure, arrhythmias, and death, especially among young adults and infants. In addition, enteroviral infection has been implicated in the development of dilated cardiomyopathy, one of the main indications for cardiac transplantation (1) (2) (3) .
Both a direct viral cytopathic effect (4) and activation of the host cellular immune response (1, 5) play an important role in enterovirus-mediated myocarditis. Although there is considerable data regarding the role of the cellular immune response in viral myocarditis, little is known about the innate signaling mechanisms within the infected cardiac myocyte, their role in host-cell antiviral defense, and their contribution to susceptibility to myocarditis. In addition, there are no effective treatments that will inhibit replication of the virus in myocardium, especially in the early phase of viral infection (6) .
IFNs are cytokines that play a central role in host defense against invasive viruses (7, 8) . Elucidation of IFN signaling mechanisms led to the discovery of the Janus kinase (JAK) and the signal transducers and activators of transcription (STAT) signaling pathway that is required for expression of IFN-responsive genes (9) (10) (11) (12) . JAK-STAT activation results in induction of the suppressor of cytokine signaling (SOCS) family (12) (13) (14) (15) (16) (17) . Among the members of this family, SOCS1 and SOCS3 negatively regulate the JAK-STAT pathway by inhibiting JAK activity and thus inhibiting cytokine activity (18, 19) . Cardiotrophin 1 (CT-1), leukemia inhibitory factor (LIF), and IL-6 also activate JAK-STAT signaling through gp130, a well-known cell-survival Enteroviral infections of the heart are among the most commonly identified causes of acute myocarditis in children and adults and have been implicated in dilated cardiomyopathy. Although there is considerable information regarding the cellular immune response in myocarditis, little is known about innate signaling mechanisms within the infected cardiac myocyte that contribute to the host defense against viral infection. Here we show the essential role of Janus kinase (JAK) signaling in cardiac myocyte antiviral defense and a negative role of an intrinsic JAK inhibitor, the suppressor of cytokine signaling (SOCS), in the early disease process. Cardiac myocyte-specific transgenic expression of SOCS1 inhibited enterovirus-induced signaling of JAK and the signal transducers and activators of transcription (STAT), with accompanying increases in viral replication, cardiomyopathy, and mortality in coxsackievirus-infected mice. Furthermore, the inhibition of SOCS in the cardiac myocyte through adeno-associated virus-mediated (AAV-mediated) expression of a dominant-negative SOCS1 increased the myocyte resistance to the acute cardiac injury caused by enteroviral infection. These results indicate that strategies directed at inhibition of SOCS in the heart and perhaps other organs can augment the host-cell antiviral system, thus preventing viral-mediated endorgan damage during the early stages of infection.
pathway in the cardiac myocyte that is negatively regulated by SOCS1 and SOCS3 (20, 21) . The balance of this JAK-STAT-SOCS circuit determines the overall effect of cytokine stimulation (20) .
It has been shown that administration of IFN-α or -β can have a beneficial effect on viral myocarditis in the early stages of infection (22) , but whole-animal knockouts of the IFN-α/β receptor had no detectable effect on the extent of viral infection in the heart during the early stages of infection in spite of a marked effect on viral replication in the liver (23) . Furthermore, little is known regarding the effect of JAK-STAT activation by other cytokines, such as CT-1 and IL-6, in viral heart disease. Therefore, the role for induction of the JAK-STAT signaling cascade within the infected cardiac myocyte is not clear.
We therefore set out to test the hypothesis that activation of JAK-STAT signaling within the cardiac myocyte is important for antiviral defense and that SOCS expression in the myocyte has a detrimental effect on the antiviral effect of JAK-STAT activation. Accordingly, in this study, we demonstrated that activation of the JAK-STAT pathway in the cardiac myocyte is upregulated and is required for efficient defense against the enterovirus-induced myocarditis, that cardiac-specific expression of SOCS1 has a detrimental effect on the development of virus-mediated heart disease, and that expression of a dominant-negative SOCS (dnSOCS) protein inhibits the virus-mediated myocytopathic effect.
Methods
Viruses. The coxsackievirus B3 (CVB3) used in this study was derived from the infectious cDNA copy of the cardiotropic H3 strain (Woodruff variant) of CVB3 (24) . Virus titers were determined on HeLa cell monolayers using a standard plaque-forming assay, and virus isolation from heart and liver was performed as described previously (25) . Recombinant adenovirus vectors containing the genes for LacZ, Myc-tagged SOCS1, Myc-tagged SOCS3, and Cre recombinase were prepared on 293 cells as described previously (26) . Recombinant adenoviruses expressing dnSOCS1 driven by a CMV promoter were generated as described previously (27) .
To generate adeno-associated virus (AAV) vectors containing dnSOCS1, the cDNA of Myc-tagged dnSOCS1 was subcloned into the AAV plasmid, pSub201 (28) , under the control of a CMV immediateearly promoter site between the AAV inverted terminal repeats. Recombinant AAV-dnSOCS1 virus was generated by a triple-transfection protocol and purified as previously described (29) .
Antibodies. Western blot and immunofluorescence staining were performed as described previously (4, 18) with the use of anti-STAT1, anti-phospho-STAT1, anti-STAT3, and anti-phospho-STAT3 antibodies (New England BioLabs Inc., Beverly, Massachusetts, USA); rabbit polyclonal anti-CVB3 antibody (a gift from A. Henke, Institute of Virology, Friedrich Schiller University, Jena, Germany) (30); anti-c-Myc (A-14) antibody (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA); and anti-β-galactosidase antibody (Cortex Biochem Inc., San Leandro, California, USA).
Generation of SOCS1 transgenic mice. The pGL-αMHC-SOCS1 vector was constructed by subcloning the Myctagged SOCS1 cDNA (18) into the HindIII cloning site of the pGL-αMHC plasmid (generously provided by T. Kubota and J. Robbins). After digestion with BamHI, the fragment carrying the αMHC promoter and SOCS1 cDNA was used for microinjection into (C57BL/6 X C3H) F1 (B6C3-F1) zygotes. Eggs surviving microinjection were transferred into the oviducts of recipient pseudopregnant females. Transgenic mice were identified by PCR analysis of tail genomic DNA, and protein expression was confirmed by immunoblotting with anti-Myc antibody (Santa Cruz Biotechnology Inc.). Four independent lines of transgenic mice were established. To perform experiments in an inbred line of SOCS1 transgenic mice that are susceptible to viral infection, we backcrossed three transgenic lines with Balb/c mice for five generations.
Echocardiogram. Avertin (2.5%) was administered intraperitoneally at 0.015 ml/g of body weight. Supplemental doses of anesthesia were administered after the initial dose as needed to maintain an adequate level of anesthesia. Recording was performed as described previously (31) . Left ventricular end-systolic and enddiastolic dimensions (LVESD and LVEDD, respectively) were measured from the LV M-mode tracing. Percent fractional shortening (%FS) of the LV was calculated as %FS = (LVEDD -LVESD)/LVEDD × 100.
In vitro infection assay. Cardiomyocytes were prepared using the Percoll gradient method as described previously (27) and were plated in 24-well plates at a density of 2 × 10 5 cells per well. After incubation in serum for 24 hours, the cultures were washed and infected with recombinant adenoviruses containing the genes for Myc-tagged SOCS1, SOCS3, or LacZ. Expression of SOCS1 in this construct required Cre recombination of LoxP sites (32); therefore, an adenoviral Cre expression vector was added to all plates. The myocytes were infected for 8 hours with an MOI of 2 viral particles per cell for the cDNA expression vector of interest, and 2 viral particles per cell of the adenovirus Cre vector, for a total of 4 adenoviral particles per cell in all wells, similar to that previously described (32) . The cells were washed and cultured in serum-free medium for 24 hours, after which IFN-γ (10 ng/ml), IFN-β (1,000 IU/ml), or CT-1 (1 nM) was added to the media for 24 hours. This was followed by CVB3 infection at a MOI of 100. At 30 hours after CVB3 infection, the cytopathic effect was quantitated by an observer blinded to the experimental conditions who counted the number of the cells with nuclei that were normally stained by hematoxylin staining.
Luciferase assay. CT-1-dependent STAT3 reporter activity was assayed as described previously (18) in cardiomyocytes transfected with AAV shuttle plasmid, AAV dnSOCS1 plasmid, and/or pcDNA3-SOCS1. NF-κB activity was measured by cotransfection of a NF-κB-luciferase construct that contained six copies of the NF-κB binding site upstream from luciferase (a generous gift from B. Greenberg and R. Cowling). In all reporter assays, 0.5 × 10 6 cardiomyocytes plated in six-well dishes were used for transfection with the Lipofectamine PLUS reagent (Invitrogen Corp., San Diego, California, USA).
Direct injection of AAV into the heart. Mice were anesthetized intramuscularly with a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg) followed by incision of the abdominal wall. After elevating the xiphoid process, the vector solutions (10 11 genome copies per milliliter) were injected into the heart through the diaphragm using a 2-ml insulin syringe with a 28-gauge needle (20 µl for one injection). After the injection, the skin and peritoneum were closed with a continuous running suture.
Statistical analysis. The results of virus titer, in vitro infection assay, luciferase assay, and echocardiography are expressed as means ± SE. Statistical significance was evaluated using the unpaired Student's t test for comparisons between two means. Bonferroni correction was performed for multiple comparisons. For the survival rate after CVB3 inoculation, the differences between two groups were analyzed by the log-rank (Mantel-Cox) test. P values less than 0.05 were considered statistically significant.
Results

Correlation of virus-induced cardiac injury and JAK-STAT activation.
To determine whether the JAK-STAT pathway is altered in CVB3-infected hearts, 4-week-old wild-type Balb/c mice were intraperitoneally injected with 10 3 PFUs of CVB3. Protein extracts from the heart were analyzed on days 1-3 after infection. We focused on STAT1 and STAT3 as key effectors of IFNand gp130-mediated signaling in the heart. The gp130 signaling is important for cardiac cell survival; however, it is not known if it has a role in the pathogenesis of viral infection. On the third day, both STAT1 and STAT3 were strongly activated, as demonstrated by protein phosphorylation (Figure 1a ). We also found induction of IFN-responsive genes such as IFN regulatory factor-1 (IRF1) and FcγRI ( Figure 1b ). These findings are consistent with activation of IFN and gp130 signaling in the heart at this early stage of infection. Importantly, the intrinsic negative regulators of IFN and gp130 signaling, SOCS1 and SOCS3, were strongly expressed at a time similar to that of the induction of STAT phosphorylation, indicating activation of the JAK-STAT-SOCS circuit at this early time point (Figure 1b) . To determine the correlation between activation of the JAK-STAT-SOCS circuit and viral infection, we measured the virus titer in the heart by a plaque-forming assay. The virus titer began to increase at 2 days and peaked at 3 days after infection (Figure 1c ). These results demonstrate that the time point at which JAK-STAT signaling is activated occurs soon after viral infection is detected in the heart, demonstrating the potentially important role of JAK-STAT signaling in the early stages of infection. As shown previously (4), viral infection of the heart was associated with disruption of the sarcolemma that is detected as Evans blue dye staining in the heart. The Evans blue dye colocalized with the presence of virus in the cell (Figure 1d ), indicating that the disrupted sarcolemmal membrane is the direct result of CVB3 infection. We quantitated the percent area of Evans blue dye in the heart section as a marker of virus-mediated cytopathic effect (Figure 1c, gray bars) . The disruption of the sarcolemma started at day 3 and peaked at day 4, demonstrating the importance of this time period in the disease process.
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The Increased virus replication and myocardial injury in SOCS1 transgenic mice. Since JAK-STAT signaling and its negative regulator, SOCS, are induced in CVB3-infected hearts, we sought to determine the effect of SOCS expression and its potential role as a negative regulator of JAK activation within the infected cardiac myocyte. We therefore generated transgenic mice expressing a Myc-tagged SOCS1 under the control of the cardiac myocyte-specific, α-myosin heavy-chain (α-
To determine whether expression of SOCS1 and subsequent inhibition of JAK signaling could have a functionally significant effect in the setting of infection with the cardiotropic CVB3, we inoculated SOCS1 transgenic mice that had been backcrossed into the Balb/c strain, which is highly susceptible to CVB3 infection, and their wild-type littermates with CVB3. Consistent with the fact that SOCS1 inhibits JAK signaling stimulated by a variety of cytokines (13, 14, 17) , we found that both STAT1 and STAT3 activation and induction of IFN-responsive genes by CVB3 infection were totally inhibited in the SOCS1 transgenic mice, indicating that SOCS1 transgenic mice may be resistant to stimulation by IFNs and gp130-activating cytokines (Figure 2a ). In addition, CVB3-infected SOCS1 transgenic mice had significantly earlier mortality when compared with their wild-type littermates. By day 4 after infection, more than 90% of SOCS1 transgenic mice were dead. Less than 10% of the infected controls were dead at the same time point (Figure  2b ). To determine whether the increased mortality in the SOCS1 transgenic mice was associated with increased myocardial injury, we quantitated the Evans blue dye area in SOCS1 transgenic mice and wild-type littermates on day 4 after infection, before the mice had died from the infection. We found that the percent area of myocardial injury in SOCS1 transgenic mice was markedly increased as compared with that of wild-type littermates (Figure 2c) . The virus titer in the heart in SOCS1 transgenic mice on days 4 and 5 after CVB3 infection was also much higher when compared with that of wild-type littermates. The viral titer in the liver was not elevated in the transgenic mice ( Figure  2d ). Hematoxylin and eosin staining of the hearts from SOCS1 transgenic mice and wild-type littermates at 4 days after CVB3 infection demonstrated large areas of necrotic myofibers in SOCS1 transgenic mice, whereas there were only scattered foci of myocyte necrosis in the wild-type littermates. Incidentally, left ventricular mural thrombus was observed only in the SOCS1 transgenic mice, a finding that is likely to be secondary to the extent of myocardial damage ( Figure  2e ). Occasional mononuclear cells were present in the myocardium, but the extent of mononuclear cell infiltration was similar between SOCS1 transgenic mice and wild-type littermates at this early stage of infection, indicating that increased myocardial injury in SOCS1 transgenic mice is not secondary to increased mononuclear cell infiltration.
Acute cardiomyopathy in SOCS1-transgenic mice. To determine whether SOCS1 expression with its inhibition of JAK signaling in the cardiac myocyte is sufficient to affect cardiac function with CVB3 infection, echocardiography was performed before and 3 days after CVB3 infection. LV function was normal in both wild-type and SOCS1 transgenic mice before infection. At 3 days after CVB3 infection, LV function and chamber size were near normal in wild-type mice. On the other hand, chamber dilation in the SOCS1 transgenic mice was manifested as a significant increase in LVEDD and LVESD. There was also a significant decrease in the fractional shortening ( Figure 3 ). All of these findings are typical of those seen with acute myocarditis and dilated cardiomyopathy in humans. Thus, cardiac myocyte-specific expression of SOCS1 with its associated inhibition of JAK signaling in myocardial cells resulted in robust virus replication and substantial myocardial injury, leading to acute left ventricular dysfunction and rapid death in mice. This demonstrates that JAK-STAT signaling within the cardiac myocyte is an important innate antiviral defense mechanism, and that inhibition of the JAK-STAT pathway by increased expression of SOCS can have a detrimental effect on the antiviral defense mounted by the infected host cell.
Inhibition of antiviral effect of cytokines by SOCS in cultured myocytes.
Given the importance of JAK-STAT signaling in the SOCS1 transgenic mice, we sought to determine whether cytokines that activate JAK-STAT signaling could inhibit the CVB3-mediated cytopathic effect in isolated cardiac myocytes. We found that IFN-γ, IFN-β, and CT-1, a gp130-activating cytokine, inhibited the virus-mediated cytopathic effect. We also found that expression of SOCS1 using an adenoviral expression vector inhibited the protective effect of both IFNs and CT-1, whereas SOCS3 expression did not have a significant effect on the protective effect of IFNs in this model system but inhibited the protective effect of the gp130 ligand, CT-1 (Figure 4a ). These data indicate that expression of SOCS1 is likely to inhibit both IFN receptor and gp130 signaling cascades in cardiac myocytes, both of which could have an important role in limiting the virus-mediated cytopathic effect. Furthermore, this demonstrates that gp130-mediated activation of JAK-STAT may be an important inhibitor of the virus-mediated cytopathic effect and that either SOCS1 or SOCS3 expression may adversely affect the cytopathic limiting potential of cytokines in the heart. Consistent with the result from this virus-mediated cytopathic effect, ectopic SOCS1 expression inhibited both IFN-γ-induced STAT1 activation and CT-1-induced STAT3 activation, whereas ectopic SOCS3 expression inhibited CT-1-induced STAT3 activation but not IFN-γ-induced STAT1 activation in cardiomyocytes (Figure 4b) .
Augmentation of cytokine-induced JAK-STAT activation by dnSOCS1 in cardiomyocytes.
Recently, Hanada et al. demonstrated that dnSOCS1, which has a point mutation (F59D) in a functionally critical kinase inhibitory region of SOCS1, strongly augmented cytokine-dependent JAK-STAT activation both in vivo and in vitro (33) . The authors identified the degradation of SOCS1 in thymocytes prepared from transgenic mice that expressed dnSOCS1 in a T cell-specific manner, resulting in the cytokine-induced hyperactivation of JAK and STAT and
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The Myocytes were treated with adenovirus LacZ or adenovirus dnSOCS1, were serum depleted for 24 hours, and were then stimulated with 1000 ng/ml IFN-γ or 1 nM CT-1 for the indicated period, respectively. Total cell extracts were prepared and blotted with phospho-STAT1, STAT1, phospho-STAT3, and STAT3 antibodies. The dnSOCS1 expression was confirmed with an anti-Myc antibody. Data from one experiment are presented; two additional experiments yielded comparable results. P-STAT1, phospho-STAT1; P-STAT3, phospho-STAT3; APRE, acute-phase response element.
hyperproliferation of T cells. To define the dnSOCS1 function in cardiomyocytes, a STAT3 reporter assay was performed. The AAV-dnSOCS1 plasmid markedly enhanced the CT-1-induced STAT3 activity as compared with AAV shuttle plasmid (Figure 5a ). The AAVdnSOCS1 plasmid did not affect tumor necrosis factor-α-dependent NF-κB activation. Importantly, AAV-dnSOCS1 plasmid significantly overcame the inhibition of CT-1-induced STAT3 activation by SOCS1 ( Figure 5b ). Next, we examined the effect of dnSOCS1 on the IFN-γ-induced STAT1 phosphorylation and the CT-1-induced STAT3 phosphorylation using this adenovirus of dnSOCS1 and cardiomyocytes. As shown in Figure 5c , the phosphorylation of STATs in cardiomyocytes expressing dnSOCS1 was sustained longer than that in cardiomyocytes expressing LacZ. These data indicate that ectopic expression of dnSOCS1 in cardiomyocytes enhances responses to cytokines through the SOCS1 inhibition.
Inhibition of virus-induced cardiac injury by inhibition of SOCS.
Since CVB3 infection induces both SOCS1 and SOCS3, it is possible that if SOCS1 and SOCS3 could be inhibited in the heart that activation of JAK-STAT signaling by endogenous cytokines might be able to inhibit viral replication more effectively. To test this hypothesis, we generated an AAV vector to express a Myc-tagged dnSOCS1. The dnSOCS1 destabilizes both endogenous SOCS1 and SOCS3 and enhances JAK-STAT signaling (33) . This augments the JAK-STAT signaling that occurs with either IFNs or gp130 receptor stimulation. The AAV vector expressing either the dnSOCS1 or, as a control, LacZ, was injected directly into the heart. Two weeks after the gene transfer, the mice were inoculated with CVB3. The extent of myocardial injury was examined by Evans blue dye uptake 5 days after infection (since the mice were 2 weeks older than those studied previously, their rate of mortality was lower). Expression of dnSOCS1 and LacZ was determined by immunostaining with antiMyc or anti-β-galactosidase antibodies, respectively. In the areas of the myocardium that expressed dnSOCS1, there was almost no Evans blue dye staining. (Figure 6 , a-c), whereas Evans blue dye staining in the area of the myocardium that expressed LacZ was not different from areas not transduced with the AAV vectors ( Figure 6, d-f) . A quantitative evaluation of three separate sections in each of three mice from each group showed a significant difference between the two groups ( Figure 6g ). As demonstrated previously (Figure 1d) , the Evans blue dye staining colocalized with viral infection, and there was no significant evidence of CVB3 infection in the area of the myocardium that expressed the dnSOCS1 (data not shown). Thus, inhibition of SOCS in the myocardium effectively prevented the CVB3-induced acute myocardial injury and inhibited viral replication. These findings demonstrate that strategies aimed at inhibition of SOCS could potentiate the innate antiviral actions of cytokines that stimulate JAK-STAT activation.
Discussion
We have focused on the role of SOCS as negative-feedback regulators of JAK signaling and their role in the innate host defense within the cardiac myocyte against viral infection. We have demonstrated that JAK-STAT signaling is activated in the heart of infected mice and that it is required for the early innate defense against enteroviral infection in the heart. Although it is clear that the cellular immune response is an important defense against viral infection with cardiotropic viruses (5, 34) , these results demonstrate the importance of the innate antiviral defense system within the cardiac myocyte. Since JAK-STAT activation occurs before there is significant infiltration with mononuclear lymphocytes, it appears to have a key role in the control of viral replication at the early stages of viral infection (Figure 7a ). Viral infection induces expression of cytokines that activate JAK signaling -such as IFN-α/β, IFN-γ, gp130-related cytokines (CT-1, IL-6), IL-10, and IL-12 -at the early stages of myocarditis (35) (36) (37) (38) (39) . The exogenous administration of these cytokines has been shown to ameliorate the severity of viral myocarditis in mice. However, these protective effects are not complete. We recently reported that whole-animal knockout of the IFN-α/β receptor had no significant effect on the early stages of viral replication in the heart. Disruption of the IFN-γ receptor had only a very small effect on early viral replication in the heart (23). Thus, it appears that administration of a single cytokine or knockout of a single cytokine receptor does not have a profound effect on the early stages of viral myocarditis. On the other hand, inhibition of JAK-STAT signaling by SOCS has a marked effect on viral replication and cardiac injury, suggesting that stimulation of JAK-STAT signaling by multiple cytokines such as IFN-α/β, IFN-γ, and/or gp130-related cytokines may be necessary for full stimulation of the potent innate defense against viral infection of the cardiac myocyte in the intact heart.
The common receptor of the IL-6 family of cytokines, gp130, has been demonstrated to play an important role in cardiac myocyte cell survival (40, 41) . Little is known, however, about the effect of gp130 signaling on the virus-induced cell damage. In this study, we found that STAT3, the main downstream molecule of gp130 signaling, is activated at the early stages of myocarditis ( Figure 1a ) and that CT-1 prevents the cardiac myocyte cell damage that occurs with CVB3 infection in vitro (Figure 4a ). We also found that another gp130-interacting cytokine, IL-6, inhibits cardiac myocyte cell damage from CVB3 infection in vitro (data not shown). Using the experimental approach involving adenoviral infection coupled with CVB3 infection, one cannot entirely exclude the possibility that some of the observed effects could be due to unanticipated effects of infection with two viruses. However, the overall results indicate that gp130 signaling in the myocyte could have a role in the pathogenesis of the early stage of myocarditis. We have previously shown that disruption of the dystrophinglycoprotein complex has a role in the pathogenesis of viral myocarditis. Since stimulation of gp130 signaling stimulates a hypertrophic phenotype with changes in cell shape (42) , it will be interesting to determine whether there are alterations in cytoskeletal proteins after gp130 stimulation that are involved in the cytoprotective effect that is associated with activation of JAK-STAT signaling in the infected cardiac myocyte. Infection of the cardiac-specific gp130 knockout mice with CVB3 will allow direct evaluation of the role of the cardiac gp130 signaling pathway in the pathogenesis of the early stages of myocarditis.
The balance between JAK-STAT activation and SOCS expression has important effects in normal and infected tissues. For example, knockout of SOCS1 leads to a lethal phenotype by 2-3 weeks of age that is associated with fatty degeneration and necrosis in the liver (43) . The detrimental effect of SOCS1 deficiency can be ameliorated by inhibiting IFN-γ either with antibodies to IFN-γ or by breeding the SOCS1 knockout mice with IFN-γ-deficient mice (16) . These studies highlighted the importance of SOCS1 as a key regulator of IFN-γ signaling in the uninfected mouse. Increases in antiviral cytokines such as IFN during viral infection are important for limiting replication of the virus and controlling the extent of damage in certain tissues, as has been demonstrated in the liver and pancreas (23, 44) . However, our data demonstrate that with enteroviral infection of the heart, the upregulation of SOCS1 expression has a maladaptive effect in the early stages of viral replication and facilitates replication of the virus by preventing the full action of the JAK-STAT signaling pathway (Figure 7b ). This may be due to inhibition of IFN and gp130 signaling. The induction of SOCS1 and SOCS3 on day 3 after infection may explain the fact that IFN administration is only beneficial in CVB3-induced myocarditis when given early (22) . Our data do not exclude the possibility that SOCS expression may be beneficial in late stages of infection or in other disease states that activate JAK-STAT signaling in the heart. Inhibition of SOCS at later time points after infection with CVB3 could be tested using inducible expression of dnSOCS1.
Since inhibition of SOCS potentiates the antiviral effects of JAK-STAT signaling during the early stages of viral infection, small-molecule antagonists of SOCS or tissue-specific vector delivery of SOCS inhibitors during the stages of viral infection in which there is active viral replication may prove to be a clinically valuable strategy to enhance the protective effect of the antiviral cytokines that operate through JAK-STAT signaling (Figure 7c ). The strategy of SOCS inhibition for treatment of early virus-mediated organ damage might be also useful for other viral diseases or cancers such as chronic viral hepatitis, chronic myeloid leukemia, and renal cell carcinoma. Although it has been shown that IFN therapy is effective for these conditions, some patients are resistant to IFN therapy (45, 46) . Sakamoto et al. reported that SOCS1 and SOCS3 are highly expressed without cytokine stimulation and that cytokine-induced JAK-STAT activation is markedly reduced in IFN-resistant leukemia cell lines, suggesting that reduced activation of JAK by aberrant SOCS induction could be a mechanism of IFN resistance (47) . The strategy of SOCS inhibition may be effective not only for early virus-induced organ damage, including myocarditis, but also for patients who are resistant to cytokines such as IFN.
